Objective: It remains unknown whether insulin-like growth factor-1 (IGF-1) can attenuate myocardial ischemia/reperfusion (I/R) injury in vivo by activating the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) pathway. This study investigated the possible interaction of IGF-1 with the PI3K/Akt pathway in cardioprotection against in vivo myocardial I/R injury in rats. Methods: We established a myocardial I/R model in rats through left anterior descending artery ligation for 40 minutes followed by 6 hours reperfusion. The PI3K/Akt inhibitor, LY294002 (0.3 mg/kg), was injected through the caudal vein 30 minutes before myocardial ischemia, and IGF-1 (1 mg/kg or 5 mg/kg) was injected through the caudal vein 10 minutes before myocardial ischemia. Results: IGF-1 treatment decreased myocardial infarct size; myocardial cell apoptosis; and serum lactate dehydrogenase, creatine kinase MB, and cardiac troponin I levels in rats with myocardial I/R in vivo. Moreover, IGF-1 treatment led to significant increases in expression levels of p-Akt (Ser473) and B cell lymphoma 2, while reducing expression levels of caspase-9 mRNA and cleaved caspase-9 protein in rats with myocardial I/R. However, pretreatment with LY294002 significantly reduced the cardioprotective effects of IGF-1. Conclusion: Treatment with IGF-1 may confer cardiac protection against in vivo myocardial I/R injury via the PI3K/Akt pathway in rats.
Introduction
Cardiac ischemia/reperfusion (I/R) injury occurs in various cardiovascular diseases and therapies. 1, 2 Although early myocardial reperfusion is regarded as the most effective strategy to limit the size of a myocardial infarct and reduce mortality, restoration of blood flow to the ischemic myocardium induces I/R injury that may further damage the myocardium. [3] [4] [5] Therefore, management of myocardial I/R injury may help to improve outcomes in patients with ischemic cardiomyopathy. 6, 7 Insulin-like growth factor-1 (IGF-1) is a multifunctional polypeptide growth factor-produced primarily by the liverthat plays important roles in regulating cell survival, proliferation, metabolism, and differentiation in several cell types. 8, 9 The biological functions of IGF-1 are mediated mainly through its binding of the plasma membrane IGF-1 receptor, which is widely expressed in various tissues. [10] [11] [12] Activation of the IGF-1 receptor has been shown to attenuate I/R-induced cell death by activating the intracellular phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) signaling pathway, which is involved in the regulation of cell survival and can confer protection against I/R injury in various organs. [13] [14] [15] [16] Akt is a downstream phosphorylation target of PI3K, and is thus an important mediator of cell survival. The activation of PI3K-triggered by IGF-1-results in Akt phosphorylation and activation, which contributes significantly to improved cell survival. 9, 13 LY294002, a specific PI3K/Akt inhibitor, can inactivate PI3K by competitively inhibiting the ATP binding site in the PI3K subunit, thereby inhibiting Akt phosphorylation and blocking the IGF-1-triggered PI3K/Akt signaling pathway. 17, 18 IGF-1 is highly cardioprotective in the context of I/R, but the mechanism underlying its cardioprotective effects is not wellknown. 19, 20 Thus far, few studies have reported that the PI3K/Akt pathway is involved in IGF-1 cardioprotection against myocardial I/R injury; all of those studies were conducted in isolated cardiomyocytes or in isolated Langendorff-perfused hearts, [21] [22] [23] [24] [25] [26] but not in vivo. It remains unknown whether IGF-1 can also attenuate myocardial I/R injury in vivo through activation of the PI3K/Akt pathway. Thus, in the present study, we aimed to elucidate the possible interaction of IGF-1 with the PI3K/Akt pathway in cardioprotection against in vivo myocardial I/R injury in a rat model.
Materials and methods

Animals and study groups
Male Sprague-Dawley rats (8-10 weeks of age), weighing 250 to 300 g, were obtained from the Laboratory Animal Center of the Southern Medical University (Guangzhou, China). This study was approved by the Institutional Animal Care and Use Committee of Sun Yat-Sen University (IACUC-DB-16-1105).
Forty-eight rats were randomly assigned to six experimental groups (n ¼ 8 per group): (1) Sham, in which the suture was passed through the left anterior descending artery (LAD) and was not tied; (2) I/R, in which rats experienced 40 minutes of myocardial ischemia followed by 6 hours reperfusion; (3) L-IGF-1 þ I/R, in which a low dose of IGF-1 (1 mg/kg) was administered 10 minutes before myocardial ischemia; (4) LY þ L-IGF-1 þ I/R, in which LY294002 (0.3 mg/kg) was administered 30 minutes before myocardial ischemia and a low dose of IGF-1 (1 mg/kg) was administered 10 minutes before myocardial ischemia; (5) H-IGF-1 þ I/R, in which a high dose of IGF-1 (5 mg/kg) was administered 10 minutes before myocardial ischemia; (6) LY þ H-IGF-1 þ I/R, in which LY294002 (0.3 mg/kg) was administered 30 minutes before myocardial ischemia and a high dose of IGF-1 (5 mg/kg) was administered 10 minutes before myocardial ischemia. In the present study, the specific PI3K/Akt inhibitor LY294002 (Cell Signaling Technology, Danvers, MA, USA) and recombinant human IGF-1 (Cell Signaling Technology) were injected through the caudal vein before myocardial ischemia at the specified time points.
Myocardial I/R model
Myocardial I/R injury was induced by ligating the LAD. 27 Rats were anaesthetized with 10% chloral hydrate solution (3 ml/kg) by intraperitoneal injection. Following left thoracotomy, a 6-0 silk suture slipknot was tied around the LAD at 2 to 3 mm from its origin. Before LAD occlusion, electrocardiography was used to assess the S-T segment at baseline. The S-T segment became elevated throughout ischemia, compared with baseline. Myocardial ischemia was confirmed by visual cyanosis and immediate S-T segment elevation on electrocardiography. After 40 minutes of ischemia, reperfusion was allowed for 6 hours by releasing the slipknot. Sham group rats were subjected to the same surgical procedures, except that the suture around the LAD was not tied. At the completion of reperfusion, rats were sacrificed by an overdose with an intraperitoneal injection of 10% chloral hydrate solution (9 ml/kg), and the anterior wall of the left ventricular myocardium was obtained for further analysis.
Measurement of myocardial infarct size
After 6 hours reperfusion (described in the Myocardial I/R model subsection), the LAD was re-occluded and 2 ml of 3% Evans blue (Sigma-Aldrich, St. Louis, MO, USA) was injected via the jugular vein to delineate the area at risk (AAR). The AAR was the area not stained by Evans blue. 28 Subsequently, rats were sacrificed by overdose with an intraperitoneal injection of 10% chloral hydrate (9 ml/kg), as described above; the heart was rapidly excised, washed with 0.9% saline, frozen at À20 C for 30 minutes, and then cut into five transverse slices of equal thickness (2 mm per slice) from the apex to the base. The slices were incubated at 37 C in 1% triphenyltetrazolium chloride (TTC) (TCI, Tokyo, Japan) for 10 minutes in the dark, then fixed in 4% paraformaldehyde (TCI) for 24 hours and photographed; images were quantified by planimetry using ImageJ software (version 1.45, National Institutes of Health, Bethesda, MD, USA) in a blinded manner. After TTC staining, the infarct area (Inf) was white, whereas the viable myocardium in the AAR was red. Myocardial infarct size was expressed as the percentage of infarct area (Inf) relative to the AAR (Inf/AAR Â 100%).
Measurements of serum lactate dehydrogenase (LDH), creatine kinase MB (CK-MB), and cardiac troponin I (cTnI) levels
The levels of LDH, CK-MB, and cTnI in cardiomyocytes are higher than those in serum. 29, 30 During myocardial I/R, the cardiomyocyte LDH, CK-MB, and cTnI leak into the blood, resulting in abnormally high LDH, CK-MB, and cTnI levels in serum. 31 In the present study, the serum levels of LDH, CK-MB, and cTnI were used as indicators of myocardial I/R injury. After 6 hours reperfusion, blood samples (2 ml) were obtained from the inferior vena cava, stored for 12 hours at 4 C, and then centrifuged at 2500 Â g for 15 minutes at 4 C; the resulting supernatant was collected and stored at À80
C until further analysis. Serum levels of LDH, CK-MB, and cTnI were measured using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), in accordance with the manufacturer's instructions.
TUNEL assay
Myocardial apoptosis was determined by the terminal deoxynucleotidyltransferasemediated dUTP nick end labeling (TUNEL) assay using an in situ apoptosis detection kit (TaKaRa Bio, Dalian, China). The anterior wall of the left ventricular myocardium was used, cut into 6-lm-thick heart tissue transverse sections. Apoptotic nuclei in the sections were identified by TUNEL staining (green); all nuclei were counterstained with 4, 6-diamino-2-phenylindole (DAPI; Beyotime, Nantong, China) (blue). For each rat, six fields per section were randomly chosen and then photographed at 400Â magnification using a fluorescence microscope (DMI4000B, Leica, Wetzlar, Germany). The apoptotic index was expressed as the proportion of apoptotic myocytes relative to the total number of myocytes, as determined using ImageJ software (version 1.45, National Institutes of Health); these analyses were performed in a blinded manner.
Quantitative real-time polymerase chain reaction (qRT-PCR) 
Statistical analysis
All data are shown as means AE standard deviations. Student's t-test or one-way analysis of variance with a Student-NewmanKeuls post hoc test was used to evaluate differences between groups. Statistical analyses were performed using SPSS software (version 17.0, SPSS, Inc., Chicago, IL, USA). Differences with P < 0.05 were considered to be statistically significant.
Results
IGF-1 attenuates myocardial I/R injury by activating the PI3K/Akt pathway
Myocardial infarction was not detectable in the Sham group (Figure 1a, b) . Compared with the I/R group, administration of IGF-1 to rats with myocardial I/R significantly reduced myocardial infarct size in both L-IGF-1 þ I/R and H-IGF-1 þ I/R groups (P < 0.05; Figure 1a, b) . Next, the PI3K/ Akt inhibitor, LY294002, was used to further investigate the roles of the PI3K/Akt signaling pathway in IGF-1 cardioprotection against myocardial I/R injury. Notably, pretreatment with LY294002 abrogated the infarct-limiting effect of IGF-1 (P < 0.05; Figure 1a, b) . In addition, we found no significant difference in myocardial infarct size between the L-IGF-1 þ I/R and H-IGF-1 þ I/R groups (Figure 1a, b) .
After 6 hours of reperfusion, serum levels of LDH, CK-MB, and cTnI were significantly higher in the I/R group than in the Sham group (P < 0.05; Figure 1c -e). Compared with the levels in the I/R group, serum levels of LDH, CK-MB, and cTnI were decreased in the L-IGF-1 þ I/R and H-IGF-1 þ I/R groups (P < 0.05; Figure 1c -e). These effects of IGF-1 were blocked by pretreatment with LY294002 (P < 0.05; Figure 1c 
IGF-1 reduces myocardial cell apoptosis by activating the PI3K/Akt pathway
The TUNEL assay was used to compare myocardial apoptosis among the rats. In the Sham group, apoptotic myocardial cells were not detectable (Figure 2a, b) . IGF-1 treatment significantly reduced the apoptotic indices of myocardial cells in the L-IGF-1 þ I/R and H-IGF-1 þ I/R groups, compared with the apoptotic index in the I/ R group (P < 0.05; Figure 2a, b) . The apoptotic indices of myocardial cells did not differ between the L-IGF-1 þ I/R and H-IGF-1 þ I/R groups (Figure 2a, b) . Moreover, pretreatment with LY294002 significantly inhibited the anti-apoptotic effect of IGF-1 (P < 0.05; Figure 2a LY294002 significantly inhibited the effects of IGF-1, thus decreasing the protein expression level of p-Akt (Ser473), as well as the protein and mRNA expression levels of Bcl-2 ( P < 0.05; Figure 3a-d ). There were no significant differences in the protein expression level of p-Akt (Ser473) or in the protein and mRNA expression levels of Bcl-2 between L-IGF-1 þ I/R and H-IGF-1 þ I/R groups (Figure 3a-d) .
IGF-1 reduces the protein expression level of cleaved caspase-9 and the mRNA expression level of caspase-9 in rats with myocardial I/R Western blot and qRT-PCR analyses showed that the protein expression level of cleaved caspase-9 and the mRNA expression level of caspase-9 were higher in the I/R group than in the Sham group (P < 0.05; Figure 4a, b) . Compared with the levels in the I/R group, treatment with IGF-1 significantly lowered the protein expression level of cleaved caspase-9 and the mRNA expression level of caspase-9 in the L-IGF-1 þ I/R and H-IGF-1 þ I/R groups (P < 0.05; Figure 4a, b) . Notably, IGF-1-induced reduction of the cleaved caspase-9 protein expression level and the caspase-9 mRNA expression level was reversed by pretreatment with LY294002 (P < 0.05; Figure 4a, b) . No significant differences were found in the protein expression level of cleaved caspase-9 or the mRNA expression level of caspase-9 between L-IGF-1 þ I/R and H-IGF-1 þ I/R groups (Figure 4a, b) .
Discussion
In the past few decades, the beneficial roles of PI3K/Akt pathway in IGF-1 cardioprotection against myocardial I/R injury have been reported in isolated cardiomyocytes or in isolated perfused hearts, [21] [22] [23] [24] [25] [26] but not using in vivo models. The present study was performed to elucidate the possible interaction of IGF-1 with the PI3K/Akt pathway in cardioprotection against myocardial I/R injury in vivo. Using an in vivo rat model of myocardial I/R injury, we observed that 40 minutes ischemia followed by 6 hours reperfusion caused myocardial injuryevidenced by increased myocardial infarct size, as well as increased serum levels of LDH, CK-MB, and cTnI. These effects were significantly attenuated by IGF-1 administration 10 minutes prior to myocardial ischemia. However, pretreatment with The PI3K/Akt pathway is one of the most important survival signaling pathways, which promotes cell survival by inhibiting cell apoptosis. Activation of PI3K catalyzes the production of phosphatidylinositol (3, 4, 5)-trisphosphate, which accumulates at the membrane and activates Akt by phosphorylation. 33, 34 p-Akt (Ser473) then increases the expression of the anti-apoptotic protein, Bcl-2, and mediates the phosphorylation and inhibition of the pro-apoptotic protein, caspase-9; these functions of p-Akt (Ser473) appear to be closely associated with PI3K-mediated modulation of cell survival. 35, 36 As an inhibitor of PI3K, LY294002 can inhibit the phosphorylation and activation of Akt. 18 In the current study, we observed that treatment with IGF-1 significantly increased the protein expression level of p-Akt (Ser473) in rats with myocardial I/R, this increase in p-Akt (Ser473) could be eliminated by treatment with LY294002. Moreover, we found that IGF-1 treatment significantly increased the protein and mRNA expression levels of Bcl-2, whereas it reduced the protein expression level of cleaved caspase-9 and the mRNA expression level of caspase-9 in rats with myocardial I/R. Bcl-2 and caspase-9 are closely related to apoptosis and are downstream effector signaling molecules in the PI3K/Akt pathway; Bcl-2 is an antiapoptotic protein, whereas caspase-9 is a pro-apoptotic protein (cleaved caspase-9 is its activated form). [37] [38] [39] Furthermore, the TUNEL assay demonstrated that, in rats with myocardial I/R, treatment with 1 mg/kg or 5 mg/kg IGF-1 significantly decreased myocardial apoptosis. Thus, the results showed that IGF-1 could protect myocardial cells from I/R injury by inhibiting myocardial apoptosis in vivo. However, the anti-apoptotic effects of IGF-1 were reversed by pretreatment with the PI3K/Akt inhibitor, LY294002, suggesting that the anti-apoptotic effects of IGF-1 against myocardial I/R injury were mediated by activation of the PI3K/Akt pathway.
Furthermore, we observed that serum LDH, CK-MB, and cTnI levels; infarct size; and apoptotic index did not differ in rats with myocardial I/R in vivo, based on the doses of IGF-1 used in this study (1 mg/kg and 5 mg/kg). We also found that the expression levels of p-Akt (Ser473), Bcl-2, and caspase-9/cleaved caspase-9 did not differ based on the dose of IGF-1 in rats with I/R. These results suggested that the protective effects of 1 mg/kg IGF-1 against myocardial I/R injury were the same as those of IGF-1 at 5 mg/kg. Currently, there is insufficient data to explain why protective effects were similar regardless of the dose of IGF-1. Therefore, further studies are needed to determine whether the protective effect of IGF-1 against myocardial I/R injury is correlated in some manner with the dose of IGF-1.
In summary, our study demonstrated that treatment with IGF-1 could confer cardioprotection against myocardial I/R injury through the PI3K/Akt pathway in a rat model in vivo. Although further studies are needed, administration of IGF-1 might be an effective therapeutic strategy for the treatment of ischemic cardiomyopathy.
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